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Abstract 
Currently many aircraft and aero engine components are machined from billets or oversize forgings. This involves 
significant cost, material wastage, lead-times and environmental impacts. Methods to add complex features to 
another component or net-shape surface would offer a substantial cost benefit. Laser Metal Deposition (LMD), 
currently being applied to the repair of worn or damaged aero engine components, was attempted in this work as an 
alternative process route, to build features onto a base component, because of its low heat input capability. In this 
work, low heat input and high-rate deposition was developed to deposit Inconel 718 powder onto thin plates. Using 
the optimised process parameters, a number of demonstrator components were successfully fabricated. 
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1. Introduction 
Additive Layered Manufacturing (ALM) of metal parts using laser offers an increasingly attractive 
manufacturing route that can offer advantages over other processes, such as those based on arc welding [1]. In 
particular, heat input and distortion are low, and the sophisticated systems to accurately control the processing head 
to build up a deposit on the work piece give extra flexibility. Laser Metal Deposition (LMD), used in this work, uses 
process nozzles to deliver metal powder into a melt pool on a substrate created by a laser beam. These processes 
have been used in the repair of high value parts and for the creation of three-dimensional components [1-3]. 
 
Critical to the successful application of the process is understanding and optimising the process parameters. 
Central to this is minimising the heat-input to the deposit during the process which, when controlled effectively, can 
help in achieving minimal distortion, while obtaining optimal metallurgical properties and reducing defects. For 
nickel alloys, the low heat input can prevent liquation cracking in the service exposed substrate and can provide an 
enabling technology for significant life extension of damaged parts which might otherwise require replacement.  
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The aim of this project was to investigate the use of LMD for the deposition of Inconel 718 blocks on thin 3 mm 
substrate, with minimum solidification defects and distortion. It is also aimed to improve the deposition rate, to 
make the LMD process a cost effective manufacturing process. Key process parameters of LMD, such as laser 
power, beam spot size, powder mass flow rate, machine feedrate and track offset, were investigated in this work. A  
 
 
cylindrical shaped boss of 150 mm outer diameter and 100 mm inner diameter was deposited onto thin plate as a 
demonstration component in the work. 
2. Experimental approach 
Nickel alloy Inconel 718 powder, with a particle size range of 20-50 μm was used in this work. The powder was 
deposited onto thin Inconel 718 plates of 3.0 mm. Because thin plate was used as the substrate, standard TWI 
procedures for depositing Inconel 718 was not suitable. A low heat input, high-rate deposition parameter set was 
considered in this work. Immediately prior to deposition, all substrates were cleaned using acetone. 
 
Deposition was carried out using a Trumpf DMD505 laser deposition system. This comprised a 1.8kW HQ CO2 
laser, a 5-axis Cartesian gantry system based on a single cantilever with a processing envelope of 2m (x) x 1.1m (y) 
x 0.75m (z), a CNC control, a patented feedback and control system and other control and safety equipment. Fig 1 
shows the system installed at TWI. A coaxial nozzle was used in this work. Processing was undertaken at the 
inverted apex of the powder stream leaving the nozzle, between the annulus of the inner and outer cones. At this 
point the powder density is sufficiently high to permit deposition and is defined as the tool centre point (TCP), as 
shown in Fig 2. 
 
A combination of laser power, beam spot size, powder mass flow rate, machine feedrate and track offset were 
investigated to determine an optimised process parameter set for the low heat input deposition of Inconel 718 
powder. Design of experiment software, Design Expert 7.0, was used to assist in developing a series of deposition 
trials and subsequently used to predict the process window based on the experimental results. Small rectangular 
blocks of 30 mm (L) x 10 mm (W) x 10 mm (H) were produced in the deposition trials. 
 
The range of process parameters considered in this work, based on preliminary trials, were as follow: 
• Laser power from 800 to 1400W 
• Beam spot diameter from 0.5 to 1.5 mm 
• Machine feedrate from 800 to 1600 mm/min 
• Powder flowrate from 2 to 5 g/min 
• Track offset from 30% to 50% 
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 Fig. 1. The Trumpf DMD505 Laser DMD system installed at TWI. 
 
 
Fig. 2. The LMD process. Deposition is undertaken at the TCP 
Tool-path of the demonstration boss was generated using a CAM software which was an extended version of 
Trumpf’s TOPS 800 specialised for LMD. The tool-path used to deposit boss on a curved plate is shown in Fig 3. 
The tool-path began by depositing material at the wedge shaped sections until the two sections joined and a flat 
surface of the boss was created in a circular tool-path. The circular tool-path was then repeated in z-axis until a 
desired height was achieved. 
CO2 laser CNC control 
Gantry systemProcessing head 
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Fig. 3. Tool-path generated using TOPS 800 software used for the deposition of boss on curved surface. Insert is a schematic drawing of the boss 
on a curved surface 
3. Results and discussion 
Quality was judged by grading the deposit through measurement of three major solidification defects. They are 
spherical porosity normally found within deposited tracks, lack of fusion/consolidation defects usually occurring 
between layers, and cracking. A grading from 1-3 was assigned to each level of defects, and is presented in Table 1. 
This grading was also used to facilitate the analyses and optimisation of the deposition parameters. The grading for 
each of the defects found in the samples was fed as a ‘response’ into the Design Expert ® software.  
Table 1. Acceptance criteria for solidification defects 
Grade Porosity Lack of fusion Cracking 
 Pore diameter, d Gap length, l Crack length, l 
1 0 < d  50μm 0 < l  50μm None 
2 50 < d  200μm 50 < l  500μm 10μm < l  200μm 
3 d > 200μm l > 500μm l > 200μm 
 
In all samples, porosity of less than 50μm diameter was present. Porosity was minimised with the use of slow 
machine feedrates of less than 1000 mm/min. Porosity is commonly seen as a direct result of the quality of powder 
used. Any porosity present in the powder will cause a low residual level of porosity within the deposit. In addition to 
the powder, porosity may be introduced through using excessive process gases. However, no porosity attributable to 
these reasons was evident in deposits formed using the final process parameters.  
 
To increase the deposition rate, maximum laser power of 1400W and beam spot diameter of 1.5 mm were 
preferred. For the range of process parameters considered and results produced from the trials, it was predicted that 
cracking is less likely to occur at 40% track offset and a high powder flowrate of 5 g/min, when a laser power of 
1400W was used. Cracking is not significantly influenced by beam spot size and machine feedrate. At 40% track 
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offset, lack of fusion defects are minimised when using a wide beam spot size of 1.5 mm. Lack of fusion defect is 
not significantly influenced by machine feedrate and track offset. Fig 4 shows the predicted responses from Design 
Expert for laser power of 1400W, beam spot size of 1.5 mm and track offset of 40%.  
 
The main objective of this work was to minimise heat input. Energy density was calculated using the following 
formula: 
Energy density (units J/mm3 ) 
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Where,   E = energy delivered, J or Ws 
  V = volume of deposit, mm3 
  P = laser power, W 
  t = time, s 
  A = cross-section area of deposit, mm2 
  L = length of deposit, mm  
  v = deposition rate, mm/s 
 
When the heat input is too low, lack of fusion occurs, as found in deposits produced using fast machine feedrate 
of 1600 mm/min and low laser power of 800W. Conversely, high heat-inputs will result in cracking in the deposited 
material and produce excessive thermal distortion to the substrate.  
 
The root penetration of the deposited material was also examined to give an indication of the amount of heat 
input during deposition. It was found that the minimum root penetration was at the high powder flowrate of 5 g/min. 
At 5 g/min powder flowrate, the depth of root penetration was found to be independent to the machine feedrate and 
track offset for the range considered (see Fig 4).  
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Fig. 4. Predicted responses from Design Expert for laser power of 1400W, beam spot size of 1.5 mm and track offset of 40% 
By combining the predicted responses from the Design Expert ® software and the penetration level, favourable 
process parameters, for a low heat inputs high deposition rate, were developed as follows: 
 
• Laser power: 1400W 
• Beam spot size: 1.5 mm 
• Machine feedrate: 800 mm/min 
• Track offset: 40% 
• Powder flow rate: 4.9 g/min 
 
The predicted root penetration using the favourable process parameter set is approximately 0.21 mm. It is 
estimated that the percentage of powder leaving the nozzle that then formed the deposit was 75%, with a deposition 
rate of 240 g/hr. The powder usage efficiency and deposition rate are significant for the low heat input parameters 
developed. The energy density required for the final process parameters was approximately 145 J/mm3, as compared 
to 395 J/mm3 when a standard TWI procedure for Inconel 718 was used. This shows a significant reduction in heat 
input and potentially reduces thermal stresses induced in the deposit. 
 
It was found that the calculation of heat input and energy density permits basic comparison of the process 
parameters associated with different machines. However, it should be noted that heat input and cooling rate are 
different parameters and that deposits made with the same heat input may exhibit different cooling rates depending 
on the substrate material, thickness and cooling regime. 
 
Fig 5 shows the microstructure of a sample deposited using the procedures developed in this work. Using this 
final process parameter set, a number of demonstrator bosses were deposited. Fig 6 shows a boss of 150 mm outer 
diameter deposited onto a 3 mm thick curved plate, with the top surface being wire EDM cut for further analyses. 
Insignificant distortion was presented in the substrate plate which further work using finite element modelling is 
being carried out. The procedures can be transferred to an engine casing where bosses can be deposited onto thin 
forging, rather than machining away thick section of material to create the required casing features. 
4. Conclusions 
Laser Metal Deposition (LMD) was investigated in this work for low heat input and high-rate deposition. 
Deposition procedures for LMD of Inconel 718 on thin substrate were developed, containing only small and 
scattered porosity with no cracking found in the sample. The heat input used in the final process parameter set was 
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about a third of the energy used when a standard deposition procedure is used. A relatively fast deposition rate of 
240 g/hr was achieved in this work despite a low heat input parameters was used. 
 
Optimisation of the procedures for boss deposition on plate was carried out and a demonstration component was 
deposited to show the process capability. Further development and improvement of the LMD procedures is being 
carried out and will offers new prospects with regards to hybrid manufacture of components using LMD. This could 
reduce forging and machining costs. This approach could also potentially reduce the waste, water and chemical 
used.  
 
 
Fig. 5. Cross-section of sample deposited using the low heat input process parameter set 
 
Fig. 6. Image of a boss deposited using the procedures developed in this work. Image courtesy of Rolls-Royce plc 
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